Pleated cartridge filters readily adsorb viruses in estuarine water at low pH containing aluminum chloride. Adsorbed viruses are efficiently recovered by treating filters with glycine buffer at high pH. By using these procedures, it was possible to recover approximately 70% of the poliovirus added to 400 liters of estuarine water in 3 liters of filter eluate. Reconcentration of virus in the filter eluate in small volumes that are convenient for viral assays was more difficult. Reconcentration methods described previously for eluates from filters that process tap water or treated wastewater were inadequate when applied to eluates from filters used to process estuarine water containing large amounts of organic compounds. Two methods were found to permit efficient concentration of virus in filter eluates in small volumes. In both methods, virus in 3 liters of filter eluate was adsorbed to aluminum hydroxide flocs and then recovered in approximately 150 ml of buffered fetal calf serum. Additional reductions in volume were achieved by ultrafiltration or hydroextraction. By using these procedures 60 to 80% of the virus in 3 liters of filter eluate could be recovered in a final volume of 10 to 40 ml.
Factors influencing adsorption of virus to membrane filters were studied by Wallis and coworkers (8, 10) . This work led to development of a virus concentrator that is capable of concentrating virus in large volumes of water (9) . When the virus concentrator was used to sample wastewater, relatively large numbers of viruses could be detected in eluates obtained by treating the filters with buffer at high pH, so additional concentration steps were not required (3) . In the case of tap water, however, where low numbers of viruses would be expected, virus in the initial filter eluate was concentrated using a second, smaller membrane filter (7, 8) .
However, reconcentration of initial filter eluates using membrane filters was found to be difficult when large volumes of tap water were sampled (1), or when reconcentration of eluates from filters used to process secondary effluent was attempted (2) . In both cases, organic compounds and metallic ions were adsorbed to the filters used as virus adsorbents along with the virus. Elution of virus resulted in elution of a portion of these organic compounds and metallic ions as well. Although soluble at high pH, these components form flocs at low pH that clog small membrane filters used for reconcentration. Reconcentration of virus in eluates from filters used to process wastewater can be accomplished by removing the organic compounds prior to concentration on small membrane filters (2) or by using aluminum hydroxide flocs as virus adsorbents in place of membrane filters (12) . Aluminum hydroxide can also be used as the virus adsorbent in a two-step flocculation procedure to reconcentrate viruses in eluates from filters used to process large volumes of tap water (1). This two-step flocculation procedure was also employed to reconcentrate virus in eluates from filters that sampled estuarine water (6) . However, when estuarine water with high concentrations of organic compounds was sampled, difficulties were encountered, so the procedure described in this paper was developed.
MATERIALS AND METHODS
Virus and viral assays. Plaque-purified poliovirus type 1 (strain LSc) was used as the model virus in the initial stages of this study. Viruses were also isolated from estuarine water as described below. Plaque-forming units (PFU) were determined as described previously (5) using the BGM cell line. Samples were assayed after being dialyzed against saline with 0.01 M potassium phosphate at pH 7.2 or after dilution in tris(hydroxymethyl)aminomethane-buffered saline containing 2% fetal calf serum (FCS).
Virus concentrator. A modified Aquella virus concentrator (prefilters were eliminated from the system) used in these experiments was described previously (9) Collection of filter eluates and formation of aluminum hydroxide flocs. Estuarine water (400 liters) at pH 3.5 containing 0.0015 M aluminum chloride was passed through a K-27 and a 25-cm pleated cartridge filter at 24 liters/min. The filters were treated with 1,600 ml of 0.05 M glycine (pH 11.5) to remove adsorbed organic compounds and metallic ions. These filter eluates were neutralized with glycine buffer at pH 2 and seeded with virus. The samples were then adjusted to 0.003 M aluminum chloride and neutralized with 1 M sodium carbonate. The neutralized samples were mixed for 5 min and the resultant floc was allowed to settle for 30 min. The supernatant was then removed by siphoning, and the remaining floc was pelleted by centrifugation at 2,000 rpm for 5 min.
Elution of virus adsorbed to aluminum hydroxide flocs. Flocs were mixed with an equal volume of 1 M glycine adjusted to pH 11.5 with 10 N NaOH. The mixture was then centrifuged, the supernatant was saved, and the floc was resuspended in another equal volume of 1 M glycine (pH 11.5). The mixture was centrifuged, and the remaining floc was discarded. The supernatants were pooled and neutralized with 1 M glycine, which had previously been adjusted to pH 2 with 12 N HCI. Alternatively, flocs were mixed with 1 M glycine dissolved in 100% FCS and adjusted to pH 11.5 with 10 N NaOH. The ratio of eluent to floc volume was either two or three. The floc-eluent mixtures were centrifuged, and the remaining floc was discarded. The supernatant was neutralized with 1 M glycine (pH 2).
Hydroextraction. Polyethylene glycol 20,000 was used to extract water from neutralized floc eluates in dialysis bags at 4°C. After the samples were reduced to approximately 20 ml, they were dialyzed against phosphate-buffered saline. The samples were then removed from the bags, mixed with antibiotics, and assayed for virus.
Ultrafiltration. Neutralized floc eluates were clarified by passage through an AP20 filter (Millipore Corp., Bedford, Mass.) in a 90-mm holder and reduced to 10 to 20 ml by passage through a 62-mm XM300 Diaflo ultrafiltration membrane (Amicon Corp., Lexington, Mass.). The concentrated sample remaining after ultrafiltration was dialyzed as described above.
Concentration of virus from polluted estuarine water. Several 400-liter water samples were collected from areas of Galveston Bay near Houston, Tex., which were known to be receiving domestic sewage discharges. Filter eluates were collected and aluminum hydroxide flocs were formed as described above except that no virus was added. The flocs were mixed with 3 volumes of 1 M glycine in 100% FCS (pH 11.5) and centrifuged. The supernatant was neutralized with 1 M glycine (pH 2). For the first series of tests, the samples were divided into two equal portions. One portion was concentrated by hydroextraction, and the other was concentrated by ultrafiltration. The final concentrated samples were assayed for virus, and the total number of PFU appearing was recorded. For routine isolation of virus, only hydroextraction was used and isolates were identified by using pooled antiserum as described previously (4). RESULTS Pleated, 0.45-,um-porosity cartridge filters protected by a K-27 depth filter are capable of adsorbing virus in 400 liters of estuarine water at pH 3.5 with 0.0015 M aluminum chloride (6) . Treating the filters with pH 11.5 glycine resulted in elution of approximately 70% of the poliovirus initially added to 400 liters in a volume of approximately 3 liters. Eluates were obtained by passing 400 liters of seawater through a K-27 prefilter and a 0.45-,um pleated cartridge filter and treating the filters with 1,600 ml of pH 11.5 glycine. The eluates were neutralized with pH 2 glycine and seeded with virus. The seeded eluates were adjusted to 0.003 M aluminum chloride and neutralized with 1 M sodium carbonate. The flocs were collected by centrifugation and treated with 3 volumes of FCS with 1 M glycine (pH 11.5). The supernatants were neutralized with 1 M glycine (pH 2) and reduced in volume by hydroextraction or by ultrafiltration using an XM300 membrane. The concentrated samples were dialyzed against buffered saline and assayed for virus.°M ean. eluates, whereas ultrafiltration permitted a recovery of 60% (Table 5) . Natural virus in a series of eluates from filters used to process 400-liter samples of estuarine water was adsorbed to aluminum hydroxide flocs and then eluted with 1 M glycine-FCS eluent. The eluates were neutralized and divided into two equal portions. One portion was ultrafiltered and the second was reduced in volume by hydroextraction. The final sample volume and number of isolates detected were similar in both cases (Table 6) .
Since hydroextraction is a simple procedure, it was used in routine isolation of viruses from estuarine water. The viruses isolated from a series of 400-liter samples taken from several sites near Galveston Bay are shown in Table 7 . Although the majority of isolates were poliovirus type 1, echoviruses were also recovered.
DISCUSSION
Certain organic compounds and metallic ions in water samples are concentrated along with virus by the Aquella virus concentrator (1, 2) and are found in relatively high concentrations in the filter eluates. These components are soluble at high pH but form flocs at low pH that clog smaller membrane filters used for reconcentration (1, 2). Therefore, alternative procedures have been developed to reconcentrate viruses in eluates from filters used to process tap water (1), sewage effluent (2) , and estuarine water (6) . Attempts to use these methods in the present work were unsatisfactory. Excessive a Enteroviruses were concentrated from 12 400-liter samples of polluted estuarine water by the method described in Table 6 except that only hydroextraction was used to reduce the volume of the floc eluate.
amounts of activated carbon and ion-exchange resin were required to remove organic compounds prior to reconcentration using smaller membrane filters as was done with eluates from filters used to process sewage effluent (2) . One-step flocculation procedures using aluminum or ferric ions (6) to form virus-adsorbing flocs produced large amounts of floc and correspondingly large (greater than 100 ml) volumes of floc eluate. A two-step flocculation procedure was previously employed with eluates from filters used to process tap water (1) or estuarine water (6) . Although this procedure works well with eluates from filters used to process tap water, additional field and laboratory testing showed that it was inadequate for eluates from filters that process estuarine water with high concentrations of organic compounds. As with one-step flocculation procedures, large volumes of final sample were obtained. Also, variable amounts of virus were unadsorbed to the final floc formed and were not recovered.
In this work, virus in filter eluates was adsorbed to aluminum hydroxide flocs as previously reported (1, 6, 11, 12) . The adsorbed virus was eluted from the flocs with buffered FCS. These eluates were then reduced in volume by hydroextraction or ultrafiltration. Final sample volumes of 10 to 40 ml containing 60 to 80% of the virus added to filter eluates were obtained.
These procedures have been used successfully to isolate naturally occurring enteroviruses from polluted estuarine water, and they should be useful for other natural waters containing large amounts of organic matter and for wastewater.
